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Abstract 
The production of strong and elastic polyurethane nanocomposites toughened with 
nanocellulose and their widespread application in many engineering fields are currently 
limited by poor processability via classical industrial processing methods and/or the 
usage of large amount of solvents. In this report, we demonstrate a scalable, organic 
solvent-free incorporation of nanocellulose into thermoplastic polyurethane (TPU) and a 
remarkable reinforcement without compromising elastic properties. The 
nanocomposites were prepared via water-assisted dispersion of nanocellulose in 
polyether polyol by bead milling, drying and reactive extrusion of this dispersion with 
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comonomers. Upon the incorporation of nanocellulose (0.5 wt. %), as observed from 
infrared spectroscopic and thermal analysis, the phase mixing of hard and soft-segments 
in the TPU matrix and the primary relaxation temperature have slightly increased due to 
the hydrogen bonding, interfacial area and nucleation enhanced by long polar 
nanocrystals. The TPU/nanocellulose nanocomposites prepared with an appropriate 
stoichiometric ratio (determined through appropriate process control) showed a 
remarkable improvement (up to 43 %) in ultimate tensile strength without 
compromising the elastic properties including elongation, creep and hysteresis. 
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1. Introduction 
Thermoplastic polyurethanes (TPUs) are versatile polymers which readily allow 
properties to be controlled by altering the compositions of soft and hard segments and 
structural-morphologies. Due to their versatility in structure and (mechanical and 
physical) properties, they have found a vast array of applications ranging from soft 
medical tubing to moulded automotive parts, and from breathable clothing to ski 
boots.[1] Although they account for less than 6 % of total polyurethane products, TPUs 
have experienced one of the highest market segment growth rates due to their unique 
combination of properties such as melt-processability, high elasticity and high abrasion 
resistance. In TPU copolymers, filler particles have sometimes been incorporated to 
increase the strength and stiffness of the host polymer and to reduce the production cost. 
However, any increase in strength and modulus values observed in conventional TPU 
composites has almost always been associated with a sacrifice in elastic (reduced 
elongation and toughness) and optical properties (discoloration and haze).[2-4] Recent 
advancements in nanoscience and nanotechnology have offered a wide variety of 
nanoscale particles including clay, carbon nanotubes, metals and metal oxides as 
reinforcing fillers for polyurethane. Due to the increasing awareness of environmental 
issues, the residual fossil feedstock economy, and also occupational health 
considerations, the demand for products made from renewable and sustainable resources 
is increasing.  
Cellulose is the most abundant natural polymer on the planet; it is widely explored as 
a potential source for nanomaterials in many areas (biomedical, engineering, and 
industrial) due to its renewability, biodegradability, excellent specific properties, and 
possible additional functionalities. The nanocellulose can be isolated into filament-like 
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cellulose nanofibres (CNF) or rod-like or elongated rice-like cellulose nanocrystals 
(CNC), previously known as whiskers, from lignocellulosic plant biomass[5, 6], and 
some marine animals[7, 8]. According to Moon et al.[5], which further categorises 
nanocellulose types by their dimensions, typical CNF have a length between 0.5-2 µm 
and a width of about 4-20 nm, whereas a rod-like cellulose nanocrystal (CNC) show a 
length around 0.05-0.5 µm and width of 1-30 nm. A CNF are usually produced via 
mechanical shearing methods like ultrasonication, homogenisation, grinding, 
microfluidisation or milling in combination with enzymatic and/or chemical pre-
treatments[9-11], whereas CNCs are isolated via acid hydrolysis, enzymatic treatment, 
hydrothermal treatment, ultrasonication and mechanical methods, or combinations 
thereof. [12-14] The reinforcing potential of nanocellulose has been exploited not only 
due to its sustainability and reliability but more so due to its virtuous individual 
mechanical properties such as high specific strength and modulus, and the potential to 
retain transparency in the nanocomposite materials.[5, 15, 16] Up until now, 
nanocellulose based thermoplastic polymer nanocomposites have typically been 
prepared via solvent based methods (casting, in-situ polymerisation, organogel template 
route), melt compounding and compression-moulding of alternating layers of polymer 
and nanofibre films. [14, 17-23]  
Wu et al.[24] reported polyurethane (PU) nanocomposites reinforced with 
microcrystalline cellulose (MCC) particles and prepared via in-situ solution 
polymerisation.  This study demonstrated that with an assistance of “pre-swelling” in 
DMF solvent combined with two-step solution polymerisation, significant 
improvements in stiffness, strain-to-failure, and strength are possible. For example, at 
an optimum concentration (5 wt. %) of MCC, the tensile strength was improved three 
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fold, albeit from a very modest baseline, from 8 MPa to 24 MPa, whereas the 
‘conventional’ solution polymerised cellulose composite failed to significantly improve 
the tensile strength (8 MPa to 9 MPa), but still resulted in significant stiffening.[24] 
These contrasting results were attributed to the differences in solution processing 
affecting the degree of in-situ defibrillation of MCC (bundles) into nanofibres, and in 
turn, enhanced stress transfer because of the nano-scale reinforcement. In another study 
nanocomposites using rod-like or elongated rice-like cellulose nanocrystals were 
prepared by dispersing them in a waterborne polyurethane host polymer,[25] or 
dispersing the organogel of CNC in a thermoplastic polyurethane solutions.[26] These 
nanocomposites demonstrated remarkable improvements in stiffness, for example the 
nanocomposites via waterborne methods showed an improvement in Young modulus 
from 0.5 to 344 MPa with 0-30 wt.% CNC, whereas, the organogel based TPU/CNC 
nanocomposites showed an improvement in tensile storage modulus from 14 to 1076 
MPa with high loadings of 2 – 20 % v/v of CNC. However, they failed to demonstrate 
improvements in tensile strength, due to the high loading of nanoparticles that sacrifice 
the rubbery properties of TPU materials. With high-aspect ratio (> 100) filament-like 
cellulose nanofibrils, the nanocomposites were developed by compression moulding of 
the stacks comprising polyurethane films and mats of cellulose nanofibrils.[17, 19, 27] 
They have also shown improvement in stiffness of nanocomposites. In reading these 
particular studies some pragmatic questions must be posed; what is the point of turning 
a thermoplastic elastomer into a plastic and wouldn’t there be more utility in trying to 
engineer a TPU-nanocellulose nanocomposite with maximum strength, toughness, 
compliance and resilience? It appears that others are pursuing this objective. 
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When the nanocomposites were prepared via in-situ polymerisation using a low 
concentration of CNC (1 % v/v), these nanocomposites achieved an 8-fold increase in 
tensile strength with only a small increase in tensile modulus. This improvement 
indicates that at low volume fraction, these low-aspect ratio rod-like nanocrystals can 
enhance the stress-transfer dramatically between polymer and filler particles due to the 
high interfacial surface area and a reduced number of complex agglomerates or 
bundles.[28] However, all of these studies rely on solvent-based methods. For large-
scale production, wet processing methods are limited by the use of large-amounts of 
solvents causing environmental issues and greatly increasing the nanocomposites 
production-cost to unacceptable levels. Compounding methods using existing extrusion 
and moulding facilities are favoured by the industry as they are economically viable and 
environmentally friendly. Hence, this study communicates a significantly more 
attractive route for processing nanocellulose reinforced TPU nanocomposites via a 
classical extrusion method i.e. ‘reactive extrusion’. 
The reactive extrusion builds up the polymer chains via in-situ bulk copolymerisation 
of monomers or precursors in a co-rotating twin-screw extruder. This method remains 
the preferred commercial process for making the majority of PU materials sold globally 
today, as it provides a greater ability to convey, shear and polymerise the precursors, 
adjust the processing temperature, tune the composition, molecular weight and thereby 
the performance (properties). Also, developing a route for introducing nanocellulose 
into the supply-chain in the non-reactive liquid polyol precursor materials will provide 
an economic “drop in” solution for the polyurethane industry regarding materials 
handling and large-scale processing. Hence, herein, we demonstrate a large-scale 
processing strategy for polyurethane-cellulose nanocomposites, by isolating 
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nanocellulose from Triodia pungens, dispersing this very unique cellulose in polyol and 
subsequently performing twin-screw reactive extrusion. Triodia pungens, more 
commonly known as “spinifex” is a soft resinous grass that is dominant vegetation 
which covers nearly one-third of the Australian continent. We have recently explored 
spinifex as a source of high-aspect ratio nanofibrils capable of being extracted using 
comparatively green methods and very low energy consumption. [10, 11] 
2. Experimental 
2.1 Materials  
Triodia pungens (T.pungens) grass was collected directly from plants growing 
around Camooweal, Queensland, Australia. The general chemicals; 4, 4’- diphenyl-
methane diisocyanate (MDI, Aldrich), 1, 4-butanediol (BDO), Poly (tetramethylene 
glycol) (PTMEG, Mn = 1000), sodium chlorite -Technical Grade, 80 % (Sigma-Aldrich 
Castle Hill, Australia), sodium hydroxide (Ajax Finechem, Thermo Fischer), and 
sulphuric acid (RCI Labscan Bangkok, Thailand) were used as received.  
2.2 Isolation of nanocellulose from spinifex grass 
Nanocellulose from spinifex grass (T. pungens) were isolated via acid hydrolysis 
method. It involves washing native fibres three times with hot water (~60 °C) under 
vigorous mechanical stirring, drying, grinding into powder (0.3-7 mm x 63 ± 38 µm), 
treating with an alkaline solution bleaching and then mild acid hydrolysis. Typically, the 
bleached pulp was suspended in 40 % v/v sulphuric acid, digested at 45 °C for three 
hours. The digested suspension was centrifuged four times at 4750 rpm for 20 minutes. 
This was done in order to remove the excess aqueous acid and the dissolved amorphous 
lignocellulosic components. Then, the nanocellulose suspension was dialysed in 
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deionised water until the pH reached 7, ultrasonicated at 25 % amplitude, at a frequency 
of 20 kHz for 20 minutes with output energy of 500W using an ultrasonic probe (Model 
Q500 Sonicator, from QSonica, Newtown, United States) and then freeze-dried. 
The dimension and morphology of nanocellulose were analysed by Transmission 
Electron Microscopy (TEM). About 1µl of nanocellulose dispersion (0.04 mg/mL) was 
placed onto the formvar-coated 200 mesh copper/Palladium grid (ProSciTech, 
Queensland, Australia) and allowed to dry at room temperature. The sample was then 
stained with a 2 % uranyl acetate aqueous solution (UA) for ten minutes in the absence 
of light, and then the extra UA was removed from the grid and the grid was allowed to 
dry at room temperature. Finally, the grid was scanned on a JEOL 1011 TEM (JEOL 
Pty Ltd., Frenchs Forest, Australia) at 100 kV and images were captured on a IS Morada 
4K CCD camera system. The average diameter and length of nanocellulose were 
determined using digital image analysis (Image J) software.  
2.3 Processing of the polyol/nanocellulose suspension precursor 
To prepare nanocomposites via reactive extrusion, the freeze-dried nanocellulose 
was first introduced in polyol part via a scalable mechanical method. About 0.83 wt. % 
of nanocellulose with respect to polyol weight (aiming for 0.5 wt. % in the final 
nanocomposite), was dispersed in deionised water and that dispersion was subsequently 
introduced into poly(tetramethylene glycol) (PTMEG, Mn = 1000) and stirred overnight 
(12 hours). The polyol-NC dispersion was further homogenised using a portable rotor-
stator homogeniser for one minute (i.e. two times for 30 seconds) to obtain a 
homogeneous dispersion. This dispersion was subsequently milled in a Netzsch 
laboratory agitator bead mill (LabStar via Netzsch, Selb/Bavaria) with continuous 
circulation for four hours at a temperature of 40 °C and a speed of 1500 rpm with 0.4 
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mm beads at a reservoir bead volume of 400 ml. This polyol- nanocellulose mixture was 
further dried using a thin/wiped film evaporator (VTA, Niederwinkling, Germany) 
achieving a final water content of below 300 ppm. This polyol-nanocellulose suspension 
was stored in an impervious container after purging with nitrogen gas so that no further 
moisture pickup would occur. The viscosity of polyol precursor was also determined 
(see Fig. S1 in supplementary information). 
2.4 Reactive extrusion of polyurethane nanocomposites  
Figure 1 shows the schematic representation of the reactive extrusion setup that 
consists of dispensing units, extruder, water bath, drying unit, and pelletiser. The 
dispensing units of polyol, chain extender and diisocyanate were equipped with digital 
flow meters (Bronkhorst Coriolis mass flow meters), gear pumps and gas lines in order 
to precisely control the flow rate of precursors. 
To prepare the polyurethane with a 90 A Shore hardness, the hard segment ratio 
was kept 0.44 with a NCO/OH stoichiometry 1:1 and the weight percentage for PTMEG 
1000, MDI and BDO are 56, 36.06 and 7.94 respectively.  This aromatic polyether 
hardness grade was selected because it represents one of the most high volume grades 
sold in the TPU industry. For achieving this weight ratio, the mass flow rates were 
adjusted to 1797.6 g/h for PTMEG1000, 254.8 g/h for BDO and 1146 g/h for MDI. This 
allowed the production of a control thermoplastic polyurethane material with a 
stoichiometry of 1, with typical commercial “data sheet” properties, and at a target 
throughput rate of 3.21 kg/h. 
During the processing of nanocomposites, the flow rates were slightly varied to monitor 
the influence of stoichiometric ratios and compensate for the well-known additional 
hydroxyl functionality of nanocellulose. The polyol flow rate was adjusted to 1812.5 g/h 
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in order to compensate the mass of nanocellulose. Table 1 summarises the flow rates 
and conditions (torque and die pressure) used during the processing of nanocomposites 
at different stoichiometric ratios. The samples are labelled as ‘TPU/NC X’ in which X 
denotes the reaction stoichiometry. 
 
Prior to performing the reactive extrusion, about 50 ppm of dibutylin dilaurate 
(DBTDL, catalyst) was added to the PTMEG tank. Reactive extrusion of the control 
thermoplastic polyurethane and nanocomposites was conducted on a small-scale twin-
screw co-rotating intermeshing extruder ‘Entek Emax’ (Entek, Lebanon, Pennsylvania, 
United States) with twelve zones (as shown in Figure 1 ), a screw diameter of 27 mm 
and a length to diameter ratio (L/D) of 40:1. The screw profile used for processing TPU 
consisted of a twin flight feed screw zone for 90 mm length, 30° kneading blocks of 90 
mm length, a twin flight screw with smaller pitch for 120 mm length, 30° kneading 
blocks for 90 mm length, a twin flight feed screw for 90 mm length with a wider pitch 
and then for 75 mm with a smaller pitch (see Fig. S2 in supplementary information). 
The extruder was divided into 10 barrel zones, a die adapter zone and a die block zone 
as shown in Figure 1. The first barrel zone was not electrically heated but another nine 
barrel zones were electrically heated with cartridge heaters, and the temperature was 
controlled with water-circulation through channels in the barrel. The die consisted of 
three circular openings of three mm diameter. The extrusion was performed between 
180-190 °C in barrel zones, at 180 °C adaptor zone, and 175 °C in die zone with a screw 
speed of 90 rpm in order to obtain the extrudates at throughput rate of 3.21 kg/hr. For 
nanocomposites, due to the viscosity/torque increase, the temperature for adapter and 
die zones was increased up to 185 and 180 °C, respectively. (see Table S1 in 
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supplementary information) At the end of the line, the extrudates were further cooled 
down to room temperature with air-gap and water-circulation. The product was further 
dried in a hot-air oven for 1-2 hours, pelletised and dried in an air oven at 70 °C for the 
next 12 h. 
2.4.1 Compression moulding of films 
The extrudates were compression-moulded at temperature between 170 – 180 °C 
in between brass plates with 1 mm thick rectangular groove, Teflon sheets at a hydraulic 
pressure of 7 kPa for one minute and cooled to the room temperature using a controlled 
water flow. Subsequently the samples film was annealed at a temperature of 80 °C for 
12 hours under a vacuum condition. 
2.5 Characterisation 
2.5.1 Gel permeation chromatography (GPC) 
Molecular weight of TPU was determined via GPC. TPU samples were dissolved 
in tetrahydrofuran (THF) to a concentration of 1 mg/mL. Calibration was performed 
using narrow Mw polystyrene standards (Mw range of 1200 to 2 x 106 and PDI typically 
1.03–1.06). The data was analysed using Empower Pro software, and the molecular 
weights were calculated relative to the polystyrene standards. 
2.5.2 Infrared spectroscopic analysis 
Infrared spectra were obtained from a Nicolet 5700 spectrometer fitted with a 
diamond attenuated total reflection accessory. All the measurements were carried out 
with 32 scans and collected from a wavenumber of 525 to 4000 cm-1 in absorption 
mode. The spectra were analysed using Omnic software (Thermo Scientific, USA). By 
analysing the infrared bands of the isocyanates group at 2265 cm-1, no residual 
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isocyanates groups were detected in any of the materials tested. In order to determine 
the influence of processing on each samples, the frequency shift of ‘free’ and 
‘associated’ or ‘bonded’ N-H bonds was calculated using following equation (1), [29] 
∆ʋ = ʋf’ - ʋb’         (1) 
Where ʋf’ and ʋb’ are the frequencies of maximum absorption of free and hydrogen 
bonded N-H groups, respectively. The shift, ∆ʋ, in the stretching frequency of the 
hydrogen bonded N-H group, is considered as a measure of the strength of hydrogen 
bonds.  
2.5.3 Differential scanning calorimetry (DSC)  
Thermal transition behaviour of the TPU control and nanocomposites was 
monitored by differential scanning calorimetric analysis. The samples (6-10 mg) were 
analysed using a ‘Mettler Toledo DSC 1 Star’ calorimeter with programmed heating 
from -100 to 300°C at a rate of 10°C/min. 
2.5.4 Thermo-mechanical properties measurement 
The temperature dependence of mechanical properties of the samples was analysed by 
dynamic mechanical analysis (DMA) in a tensile mode using a Mettler Toledo 
instrument (SDTA861e). The programme involved holding isothermal condition at -100 
°C for five minutes and subsequently heating to 110 °C at a rate of 3°C/min and a 
frequency of 2 Hz. 
2.5.5 Mechanical properties measurement 
The tensile properties of the TPU and its nanocomposites were measured at room 
temperature using a universal testing machine (Instron model 5543) equipped with a 
500 N load cell. For tensile properties and hysteresis measurements, the samples were 
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cut into dumbbell shape according to ASTM d-638-M-3. The tensile test was performed 
on at least five specimens of each sample, with a gauge length of 14 mm and at a 
crosshead speed of 50 mm/min. The tensile modulus was determined from the slope of 
initial low strain in the elastic regime of curves, and the toughness was calculated as an 
integrated area under the curve. The tear strength was measured following the ISO 34-
1:1994 Method B, using ‘type B’ specimen without a nick and at a crosshead speed of 
500 mm/min. Creep behaviour of the samples was measured according to the ISO 899-
1:2003, by holding under a stress of 2 MPa for 6 hours. The time-dependence of tensile 
properties as hysteresis was measured at a strain of 50, 100, 200 and 500 % with five 
cycles of loading and unloading. 
 
3. Results and Discussion 
3.1 Nanocellulose from spinifex grass 
Nanocellulose from spinifex grass (T.pungens) was extracted by controlled acid 
hydrolysis of the bleached pulp with a 40 % (v/v) sulphuric acid solution at 45 °C for 
3h. TEM images from the dispersion of freeze dried nanocellulose can be seen in Figure 
2. The well-separated, nanocellulose with an average diameter of 3.45 ± 0.75 nm and an 
average length of 497 ± 106 nm, hence an aspect ratio of about 144 was obtained.  
 
3.2. Processability of TPU/nanocellulose nanocomposites by reactive extrusion 
Thermoplastic polyurethane and its nanocomposites were prepared via bulk 
polymerisation of precursors in an intermeshing twin-screw extruder. The 
stoichiometries of each formulation were controlled by tuning the mass flow rates as 
shown in Table 1 with a throughput of 3.21 kg/h. Enhancing miscibility of precursors 
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was done by continuous mixing and shearing components, which is an important 
criterion during reactive extrusion, due to the step-growth polymerisation reaction 
happening on and near the interface between diisocyanate and polyol. The screw profile 
and the speed were also adjusted in order to enhance the impingement mixing and the 
growth of polymer chains. Although the urethane formation reaction is fast at 
temperatures above 60 °C, an external catalyst was also used to facilitate the 
polymerisation. The kinetic and mechanistic details of polyurethane polymerisation in 
reactive extrusion can be found elsewhere.[30] 
The polymerisation was observed as a changing in torque (viscosity) just a few 
minutes after injecting the precursors into the hopper (in zone 1), and the change in the  
colour and physical appearance of composites from clear liquid (in zone 1) to white 
turbid liquid (in zone 7) and subsequently to transparent molten semi-solid material 
(die). The dried extrudates of all samples were soluble in the regular solvents 
(tetrahydrofuran, N,N-dimethylformamide, dimethyl sulphoxide etc.) of thermoplastic 
polyurethanes. The TPU nanocomposites film obtained after melt compressed of 
extrudates, showed a clear and transparent appearance (see Fig. S3 in supplementary 
information). The polymerisation was further characterised by molecular weight using 
gel permeation chromatography (GPC). The number average molecular weight (Mn) and 
weight average molecular weight (Mw) of TPU control with stoichiometry of 1 were 
41,000 and 98,000, respectively with a polydispersity of 2.3. When the stoichiometry 
was changed to 0.99, the Mn and Mw were slightly reduced to 38,000 and 88,000 
without any changes in PDI. The polymerisation of TPU control was produced until the 
stoichiometry of 1.0 was reached. Further increase in stoichiometry ratio (such as 1.01-
1.03) was limited by the poor processability as the unreacted precursor materials (white, 
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non-flowable, discontinuous chunks) were observed in the final product of the extrusion 
process. 
3.3 Characterisation  
The influence of nanocellulose and stoichiometric changes on chemical bonding 
network (N-H bond, C-O bond and hydrogen bond) were characterised by the FTIR 
spectroscopic analysis of the thermoplastic polyurethane (TPU control) and its 
nanocomposites. It can be expected that the hydroxyl groups available on the surface of 
nanocellulose, may play a critical role in the TPU polymerisation by reacting with 
isocyanates groups and also in the network formation via hydrogen bonding with N-H 
and C=O groups. Hence, their influence on the network formation was followed by 
determining the association of N-H and C=O groups quantitatively from the intensities 
and the area of corresponding peaks. (see Fig. S4 in supplementary information).  
The ‘free’ N-H bond represents the N-H groups covalently connected with C=O 
groups in the urethane linkage (which exhibit elastic behaviour), whereas the 
‘associated’ or ‘bonded’ N-H represents the N-H bonds further associated with C=O via 
hydrogen-bonding (which indicates the association in hard-domains and physical 
networks formation).[29], [31], [32] The peak at 3450-3454 cm-1 represents the 
stretching vibration of ‘free’ N-H bonding (see Fig. S4(a) in supplementary 
information) and the degree of association can be further calculated by a shift in 
frequency (wavenumber) to a low energy region as mentioned in equation (1).[33] 
Table 2 shows the frequency shift (∆ʋ) values for TPU and its nanocomposites with 
nanocellulose.  
At stoichiometry 0.99, the TPU control sample showed the frequency shift 125, 
however the other samples (TPU control 1.0 and nanocomposites) showed almost 
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similar frequency shifts 129-130. This indicates that the presence of (0.5 wt. %) 
nanocellulose do not affect the average strength of the hydrogen bonding significantly 
with varying stoichiometric ratios. The association or hydrogen bonding of N-H groups 
may also be redundant with hydrogen-bonding in hard-soft segment domains such as 
ester-urethane and urethane-urethane hydrogen bonding. This can be further analysed 
by quantitatively measuring the association of carbonyl groups and the peaks at 1729 
cm-1 and 1700 cm-1 can be assigned to the ‘free’ C=O and hydrogen bonded C=O 
respectively.[33, 34] In Table 2, the area of the absorbance peaks for ‘associated’ N-H, 
‘free’ C=O, and ‘associated’ C=O (see Fig. 4 (b) in supplementary information) are 
given.  The influence of stoichiometry was only observed for TPU control 0.99. 
Otherwise, the peaks intensity were unaffected by the incorporation of nanocellulose or 
changing stoichiometry.  
The influence of stoichiometry and incorporation of nanocellulose was further 
analysed in terms of degree of phase separation (DPS) and degree of phase mixing 
(DPM) using the method developed by Tien and Wei.[35] DPS represents the degree of 
carbonyl groups association via hydrogen bonding in hard segment- hard segment 
interactions whereas DPM, denotes the degree of C=O groups association in hard 
segment- soft segment interactions. [36, 37] They can be determined based on the peak 
intensities at 1729 and 1700 cm-1 for the ‘free’ and bonded C=O groups using the 
equations given below, 
 = 	
		
		

 = 	


=      (2) 
 = 1 −                                          (3) 
Where R represents the carbonyl hydrogen bonding index.  
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Table 3 shows the R, DPS and DPM values for TPU control and its 
nanocomposites. In comparison, TPU control with stoichiometry 0.99 showed lower 
DPM value (32) than the TPU control with stoichiometry 1 (38) indicating the high 
percentage of hard domain formation or poor mixing of hard segments due to the less 
percentage of urethane linkage formation in ‘TPU control 0.99’.  
However, the incorporation of nanocellulose did not significantly affect the DPM and 
DPS values. This indicates that regardless of the changes in stoichiometry, well-
dispersed nanocellulose in polyurethane facilitated the mixing of hard and soft segments 
either by covalently linking through the surface hydroxyl groups with isocyanates or 
increasing interfacial area for hydrogen bonding between hard and soft segments 
through hydroxyl groups on their surface. 
3.3 Thermal properties 
For thermoplastic polyurethanes, exhibition of a low glass transition temperature 
(Tg) is an important criterion. The influence of nanocellulose incorporation and a slight 
change in stoichiometry on the thermal transition behaviour of TPU control and 
nanocomposite samples were studied by differential scanning calorimetry. Fig. 3 shows 
the multiple endothermic transitions can be observed for all samples.  
The multiple transition behaviour which is characterised for multi-phasic 
polyurethane can be ascribed to the disruption and fusion of different phases in different 
length scales, [38-41] as described below:  
T1 (50-70 °C): The ordering of hard segments containing single MDI  
T2 (100-180 °C): The glass transition of hard-segments and disruption of various 
degrees of short-range hard segments (HS) composed of MDI2BDO, MDI3BDO2 blocks  
T3 (190-210 °C): Higher melting hard microphase. 
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T4 (211-217 °C): The disruption of predominantly MDI4BDO3 and MDI5BDO4 hard 
segment structures.  
Table 4 summarises the multiple endothermic transitions, Tg and the enthalpy for 
the fusion of the hard-segments. A very slight increase in Tg can be observed for the 
nanocomposites indicating that the incorporated nanocellulose facilitates the 
crystallisation by acting as ‘polar’ nucleating agents.[42-45] After incorporation of 
nanocellulose, no significant changes in T1 range was observed whereas, in the T2 
range, endothermic transitions were seen in the range of 98°C to 104°C. This indicates 
that the length scales of HS composed of MDI2BDO, and MDI3BDO2 blocks are smaller 
than that in the TPU control. For nanocomposites, the melting of micro-phases (T3) is 
not distinguishable which indicates that the nanocrystals-induced nucleation has 
resulted in forming smaller or nanoscale hard-segment domains. A peak for T4 
temperature was only observed in TPU/NC1.03 nanocomposites indicating that a slight 
higher isocyanate input has resulted in forming hard-segments composed of 
predominantly MDI4BDO3 and MDI5BDO4 blocks. 
The reduction in micro-phases area of hard-segments in nanocomposites can also 
be seen by the reduction in the fusion enthalpy from 14.28 to 3.02 J/g. This reduction 
may also be related to the high DPM values due to the enhanced interfacial area by the 
nanocellulose. However, the shore hardness is determined and recorded similar value 
(90A) for all nanocomposites sample which possibly related to the unaffected quantity 
of hard and soft segment domain. 
Morphological changes induced by the incorporation of nanocellulose in to the 
TPU and stoichiometric variation have been schematically represented in Fig. 4.  The 
changes in hard-segments (dark blue) and soft segments (light blue) in the matrix shown 
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in Fig. 4 are relatively small (extrapolated for clarity) as however, no significant 
difference in crystallinity or peaks was observed in X-ray diffraction analysis (see Fig. 
S5 in supplementary information).  
Fig. 4a represents the TPU control 1.0 which may consist of high hydrogen bonding 
arising from hard segments-hard segments interactions. When the nanocellulose is 
incorporated in the TPU matrix, it may increase the interfacial area between soft-
segments and hard-segments microphase by acting as nucleation points for the 
attachment of hard segments. Fig. 4b represents the TPU/NC1.0 nanocomposite system 
where the new and smaller microphase of hard segments is formed. With increasing the 
NCO/OH ratio, the nucleation points might increase for the attachment of hard-
segments on the cellulose nanocrystals surface. Fig. 4c and 4d illustrate the TPU/NC 
nanocomposite systems with 1.02 and 1.03 ratios respectively. The decrease in the 
overall hard-domains formation can be observed from the decrease in the cumulative 
enthalpy of fusion in DSC graph (Table 6). The morphological changes can also be 
observed from the mechanical and thermo-mechanical properties of nanocomposites. 
3.4 Thermo-mechanical properties 
The temperature dependency of mechanical properties of the TPU control and its 
nanocomposites in the linear viscoelastic regime was measured by dynamic mechanical 
analysis. Fig. 5 shows the storage modulus (E′) as a function of temperature. E′ for 
almost all of the samples changes upon temperature which typically found for multi-
phasic elastomers material where a high value (~2-3 GPa) in the glassy regime (below -
60 °C) indicates the motion of macromolecular chains is restricted. Then followed by a 
decrease in E′ of the rubbery region.  
  
20 
 
Table 5 summarises the E′ in the rubbery regime at 25 °C and damping peak values 
obtained from damping factor (tan δ) for TPU control and nanocomposites. In 
comparison with TPU control, no significant difference in E′ was observed for TPU/NC 
nanocomposites with 0.5 wt. % nanocellulose loading. This indicates that molecular 
motion of the polymer chains within the nanocomposites was not significantly affected 
by nanocellulose low loading. In other words, the reduction in microphase of hard-
segments size and increased phase-mixing did not restrict the molecular motion at this 
loading level. However, if the stoichiometry is increased to 1.03, a slight decrease in 
stiffness is observed from 32.7 MPa to 28 MPa. This can be attributed to the reduction 
of hard segment domain separation and an elevated level of phase mixing, as depicted in 
Fig. 4.  
The broadness and height of the damping peaks provide information associated 
with the degree of freedom for motion of the macromolecular chains mainly in the soft 
domains in both TPU control and nanocomposites. The TPU control shows a broad 
damping peak (-65 to 30 °C) with the maximum at -25.4 °C. (Fig. 5b). The width of this 
peak indicates that the primary relaxation of the soft-segments/domains from the glassy 
state is due to the different length scales of soft-domains mixed within the system. The 
peak area and height are unaffected for nanocellulose incorporated nanocomposites with 
stoichiometries of 1 and 1.01. A slight increase in temperature and peak were observed, 
when the stoichiometry is increased to 1.02 or 1.03 indicating a slight reduction 
molecular motion in these nanocomposites in comparison to the TPU control. [46, 47] 
This can be attributed to a slight increase in the amount of hard-segments and a slight 
decrease in their micro-phase size, as depicted in Fig. 4 for corresponding composition.  
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3.5. Mechanical properties  
In the development of polyurethane nanocomposites, a significant improvement in 
tensile strength without compromising the elastic properties such as elongation and 
toughness is important. The reinforcement effect of the nanocellulose was investigated 
by measuring the tensile properties, tear strength, creep behaviour and hysteresis of the 
TPU control and its nanocomposites at room temperature. The tensile stress-strain 
curves of the TPU control and its nanocomposites with different NCO/OH 
stoichiometries are shown in Fig. 6. 
By the incorporation of 0.5 wt. % of nanocellulose, no significant changes in the 
tensile stress within the low strain regime was observed and only after 200 % strain an 
increase in tensile stress was observed until their failure. This indicates that the softness 
of the TPU matrix is retained. Table 6 summarises the tensile strength, tensile strain, 
modulus, and toughness values calculated from these curves. With increasing 
stoichiometry ratio, the 0.5 wt. % nanocellulose incorporated nanocomposites show 
significant increase in ultimate tensile strength. For example, the TPU/NC 
nanocomposite with stoichiometry of 1.03 has shown about 43% improvement in tensile 
strength (58.3 from 40.7 MPa). The enhancement of the mechanical properties achieved 
is much better or equivalent to the TPU/cellulose composite processed via solution 
casting [28, 48]. The retainment of softness and improvement in tensile stress values 
can be related to the meso-scale structural morphology modified by the incorporation of 
nanocellulose with surface hydroxyl groups. 
As discussed above (Fig. 4), the structural morphology of TPU can be influenced 
by the covalent-linkage between the hydroxyl groups of nanocellulose and 
diisocyanates, secondary interactions (van der Walls, hydrogen bonding) and/or the 
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physical phenomenon of nucleation-induced meso-scale phase separation. The Young’s 
modulus and tensile strain values are unaffected by nanocellulose incorporation at a 0.5 
wt. % loading. Only at high stoichiometry ratio (1.03), nanocomposite samples 
exhibited about 8 % increase in tensile modulus. This can be related to the formation of 
more microphase hard segments, as illustrated in Fig. 4(d). The reinforcing potential of 
T.pungens nanocellulose was further observed in the improvement of toughness as 
determined by the area under the tensile stress-strain curve. A significant (10 % ) 
improvement in toughness at very low (0.5  wt. %) of nanocellulose incorporation, can 
be attributed to the retained softness due to the increased mixing of soft and hard 
segment domains, thereby sliding of hard-segment domains[48] and the stepwise 
elongation/uncoiling of the nanocellulose.  
 
3.6 Creep behaviour 
The creep behaviour of thermoplastic polyurethanes is an important property to be 
measured, as it is typically affected by the content of hard segments.[49] In order to 
determine the time dependent dimensional stability or durability of TPU and TPU/NC 
nanocomposites, creep behaviour was tested as a tensile deformation under constant 
applied stress (2 MPa). Fig. 7 shows the tensile-creep curves where, a slight difference 
in initial deformation (immediately after applying stress 2 MPa), can be observed 
among the samples.  
However, the time-dependent deformation was not significant even after 6 h, 
indicating the dimensional stability under stress at elastic regime. TPU/NC 
nanocomposites with different stoichiometric ratios (1.00, 1.01, 1.02 1.03) have shown 
low tensile strain approximately at 19 % - 21 % with comparison to TPU control (21 %) 
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after 6 hours of the creep testing. The tensile-creep modulus (Et) (the ratio of applied 
stress to tensile-creep strain) was used to evaluate the creep resistance of the TPU 
(Table 7). The incorporation of cellulose nanocrystals with different stoichiometric 
ratios has shown a slight increase in the creep resistance of TPU due to the efficient 
stress-transfer between polymer and nanocrystals. The improved / retained creep 
resistance may be related to their structural morphology (Fig. 4a –d) with high degree of 
mixing of hard and soft domains, induced by the incorporation of nanocellulose.  
3.7 Hysteresis 
The hysteresis is the time-dependent property value which reflects the energy 
dissipation and its history by the polymer matrix under the deformation. In the TPU, the 
hysteresis value is attributed to internal friction between polymer chains, multi-phasic 
domains, breaking of hydrogen bonds and crystallisation.[1] The influence of 
nanoparticles incorporation may affect (increase) the internal friction due to the large 
interfacial interaction between nanoparticles and polymer matrix. [50] Hence, the 
hysteresis of the TPU control and nanocomposites samples was tested five repeated 
cycles of loading and unloading at a strain of 50, 100, 200 and 500 % with at each 
strain, continuously. (See in Fig. S6-S10 of supplementary information) For all samples, 
the initial loading curves show stiffening and then followed by rollover response for 50 
% strain cycles, after five cycles of loading and unloading, the stiffening points (strain 
levels) have shifted to higher strain range. The unloading cycles show hysteresis loops 
with residual strains and the area covered under loop represents the mechanical energy 
dissipated into the matrix. Table 8 compares the residual strains for TPU control and 
TPU/NC 1.02 nanocomposite samples after first and fifth cycles.  
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With increasing applied strain and number of cycles, the residual strain increases 
and it is more prevalent above 200 % applied strain. However, the nanocomposite 
sample did not show any significant difference in the residual strain. The increase in 
residual strain for TPU control can be related to the plastic deformation and orientation 
of hard segment domains and orientation. [51-53] Reinforcement with short-rod like 
cellulose nanocrystal at higher volume fraction exhibited significant influence on the 
residual strain.[26] The addition of nanocellulose has no significant influence on the 
residual strain indicating the short (meso-scale) range of hard segment domains in the 
nanocomposites. The similar trend was observed further on the mechanical energy 
dissipated in the loop. Table 9 represents hysteresis values for TPU control and 
nanocomposites after second and fifth cycles at 50, 100, 200 and 500 % applied strain. 
At each applied strain, with increasing number of cycles, the hysteresis values have 
reduced. Above 200 % applied strain, with increasing number of cycles the hysteresis 
(energy) values have significantly reduced for all samples. In comparison, addition of 
0.5 wt. % of nanocellulose did not exhibit significant influence on the hysteresis 
indicating that internal friction was not affected to undergo recoverable change in 
orientation under cyclic condition. Moreover, this phenomenon was also supported by 
negligible change in the residual strain between the control and the nanocomposite 
samples. As seen in Fig. 4, relatively reduced size and phase-mixing of the hard-
segment domains allows for easier reorientation within the TPU under strain, softening 
in the matrix under multiple cycles and thereby increasing the loss in the hysteresis 
cycle.  
While retaining or significantly unaffecting the elastic properties (elongation, creep 
behaviour and hysteresis), in this preliminary study, we have identified a processing 
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strategy of incorporating low-level loading of nanocellulose in to thermoplastic 
polyurethane matrix for enhancing the toughness. However, in order to make 
thermoplastic polyurethane nanocomposites in a sustainable way, further study will be 
focused on the acid-free deconstruction of cellulose and the polyurethanes of biobased 
polyols[54, 55], chain extenders[56, 57] and diisocyanates[58, 59].  
 
4. Conclusions 
In this study we have successfully demonstrated the processing of high-performance 
thermoplastic polyurethane nanocomposites toughened with nanocellulose via a scalable 
processing method by incorporating nanocellulose in polyol precursor and polymerising 
via reactive extrusion, FTIR spectral analysis showed that by the addition of 
nanocellulose the phase-mixing has enhanced due to an increase in interfacial area and 
enhanced nucleation on the nanocellulose. Thermal analysis and thermal-mechanical 
properties indicated the retainment of thermal transitions and visco-elastic behaviour of 
typical high-performance polyurethanes.  The incorporation of nanocellulose at 0.5 wt. 
% at an appropriate stoichiometry has improved the tensile strength of TPU up to 43% 
as well as toughness and tear strength without compromising the stiffness and elasticity 
of TPU matrix. The creep resistance has slightly improved and the hysteresis of high-
performance TPU has been retained. The processing strategy reported could be 
attractive solution for the polymer industry to process polyurethane nanocomposites 
with range of nanoparticles via scalable processing methods and offer high performance 
TPU materials for industrial and engineering applications. 
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Figures 
 
Fig. 1. Schematic representation of reactive extrusion of polyol-nanocellulose 
dispersion with comonomers of polyurethane 
  
  
36 
 
 
Fig. 2. TEM images of nanocellulose obtained via acid hydrolysis (at different 
magnifications  
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Fig. 3. DSC thermogram of TPU control and TPU/NC nanocomposites 
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Fig. 4. Schematic diagram represents of nanocellulose induced nucleation point to the 
formation of microstructure of hard domain in TPU. 
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Fig. 5. Storage modulus and damping factor of TPU control and nanocomposites as a 
function of temperature. 
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Fig. 6. Tensile curves of TPU control and TPU/NC nanocomposites where inset shows 
the low strain region. 
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Fig. 7. Tensile-creep curves of TPU nanocomposites at an applied stress 2MPa. 
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Tables 
Table 1. Reagent flow rates and processing conditions used for producing the control 
TPU and the TPU-NC nanocomposites  
Material Polyol 
flow rate 
(g/h) 
MDI flow 
rate (g/h) 
BDO flow 
rate (g/h) 
Torque 
(%) 
Die 
pressure 
(bar) 
TPU Control 0.99 1797.6 1146.0 254.8 20-21 11 
TPU Control 1.0 1797.6 1157.6 256.8 26-27 15 
TPU/NC1.0 1812.5 1157.6 256.8 26 16 
TPU/NC1.01 1812.5 1169.1 256.8 30-31 21-22 
TPU/NC1.02 1812.5 1180.7 256.8 39-40 32-33 
TPU/NC1.03 1812.5 1192.3 256.8 43 37-38 
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Table 2. Frequency shift of the N-H stretching mode, and peak area of N-H and C=O 
groups of TPU control and its nanocomposites with various stoichiometric ratios  
  Material Frequency shift 
∆ʋ (cm-1) for 
‘bonded’ N-H 
Peak area for 
‘bonded’ N-H  
Peak area 
for ‘free’ 
C=O 
Peak area for 
‘bonded’ 
C=O 
TPU Control 0.99 125 12.7 18.2 5.6 
TPU Control 1.0 130 12.8 18.6 8.1 
TPU/NC1.0 129 12.8 19.0 8.0 
TPU/NC1.01 129 13.2 19.0 7.9 
TPU/NC1.02 130 13.8 18.9 7.9 
TPU/NC1.03 130 14.3 19.0 7.9 
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Table 3. The carbonyl hydrogen bonding index, the degree of phase separation (DPS) 
and the degree of phase mixing (DPM) in TPU/NC nanocomposites by reactive 
extrusion process 
 
 
 
 
 
 
 
 
 
 
 
 
Material A1700 A1729 R DPM DPS 
TPU Control 0.99 0.68 0.32 2.13 32 68 
TPU Control 1.0 0.66 0.41 1.61 38 62 
TPU/NC1.0 0.68 0.40 1.70 37 63 
TPU/NC1.01 0.68 0.40 1.70 37 63 
TPU/NC1.02 0.68 0.41 1.66 38 62 
TPU/NC1.03 0.69 0.41 1.68 37 63 
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Table 4. Transition temperatures and enthalpies of TPU control and TPU/NC 
nanocomposites 
     
a Enthalpy of fusion values are the sum of  the T1-T4 melting enthalpies 
 
 
 
 
 
 
Material 
 
Tg (soft) 
(°C) 
Endotherm Peaks Hard Phasea 
∆H (J/g) T1 (°C) T2 (°C) T3 (°C) T4 (°C) 
TPU Control 1.0  -51 69 167 195 - 14.28 
TPU/NC1.0 -47 66 103 200 -  
  165    
TPU/NC1.01 -45 65 98 - - 6.48 
 
  164    
  180    
TPU/NC1.02 -46 68 104 - - 3.44 
  180    
TPU/NC1.03 -45 68 103 - 221 3.02 
  137    
     173    
 
  181    
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Table 5. Storage modulus (E′) at room temperature and the glass transition temperature 
(Tg) of TPU control and TPUC/NC nanocomposites 
 
  
Material 
 
Storage modulus at 25 °C 
(MPa) 
Damping peak 
(°C) 
TPU Control 1.0 32.7 -25.4 
TPU/NC 1.0 32.1 -26.7 
TPU/NC1.01 31.0 -26.5 
TPU/NC1.02 30.6 -19.3 
TPU/NC1.03 28.0 -18.4 
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Table 6. Mechanical properties of TPU control and its nanocomposites as a function to 
stoichiometric ratio 
Material 
 
Tensile 
Stress 
(MPa) 
Tensile 
Strain at 
break 
(%) 
Modulus 
(MPa) 
Toughness 
(MPa) 
Tear 
Strength 
(N/mm) 
TPU Control 1.0 40.7 ±3 1102.3 ±60 14.9 ±1.2 229.2 ±2 108.9 ±14 
TPU/NC1.0 41.7 ±3 1095.6 ±57 16.6 ±0.2 228.7 ±2 107.3 ±10 
TPU/NC1.01 47.7 ±2 1083.9 ±39 14.5 ±0.4 250.9 ±2 123.8 ±2 
TPU/NC1.02 54.4 ±2 1022.7 ±19 14.6 ±0.6 250.7 ±1 121.6 ±2 
TPU/NC1.03 58.3 ±4 1011.7 ±33 16.1 ±0.7 251.3 ±2 120.4 ±11 
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Table 7. Tensile-Creep Modulus (Et) of the TPU nanocomposites measured at a stress 
of 2 MPa for 6 h 
 
 
 
 
 
 
 
 
  
Material 
 
Creep Modulus 
(MPa) 
TPU Control 1.0 8.9 ±0.3 
TPU/NC1.0 9.5 ±0.1 
TPU/NC1.01 9.8 ±0.8 
TPU/NC1.02 10.3±0.2 
TPU/NC1.03 9.9 ±0.4 
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Table 8. Comparison of residual strain at 1st and 5th of loading unloading cycles for 
TPU Control 1.0 and TPU/NC1.02 nanocomposites 
 
  
Applied strain 
(%) 
Residual strain (%) 
TPU Control 1.0 TPU/NC1.02 
1st cycle 5th cycle 1st cycle 5th cycle 
50 7.7 8.4 7.8 9.6 
100 15.5 17.9 15.5 18.5 
200 39.3 47.6 39.3 47.6 
500 166.4 183.0 166.4 183.9 
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Table 9. Hysteresis values for TPU control and nanocomposites after second and fifth 
cycles at 50, 100, 200 and 500 % applied strain respectively. 
Material 
 
Cycle H50 
(MPa) 
H100 
(MPa) 
H200 
(MPa) 
H500 
(MPa) 
TPU Control 1.0 
2nd 0.27±0 0.82±0 2.58±0 11.05±0 
5th 0.21±0 0.62±0 1.83±0 7.10±0 
TPU/NC1.00 
2nd 0.30±0 0.85±0 2.62±0 11.01±1 
5th 0.23±0 0.65±0 1.85±0 7.32±1 
TPU/NC1.01 
2nd 0.26±0 0.82±0 2.64±0 11.68±0 
5th 0.20±0 0.62±0 1.88±0 7.60±0 
TPU/NC1.02 
2nd 0.26±0 0.82±0 2.71±0 12.66±0 
5th 0.20±0 0.63±0 1.98±0 8.48±0 
TPU/NC1.03 
2nd 0.27±0 0.84±0 2.73±0 13.44±0 
5th 0.22±0 0.65±0 2.02±0 9.17±0 
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Highlights 
• Thermoplastic polyurethane (TPU) is toughened with high aspect ratio 
nanocellulose. 
• Scalable approach of processing nanocomposites is shown via reactive extrusion. 
• The ‘polyol-nanocellulose dispersion route’ could reduce the usage of organic 
solvent.  
• With 0.5 wt. % nanocellulose, TPU showed upto 43 % improvement in tensile 
strength. 
• With spinifex nanocellulose at low loading, elastic properties of have been retained.   
 
